Determination of the Final Microstructure during Processing Carbon Steel Hardening  by Domański, Tomasz et al.
 Procedia Engineering  136 ( 2016 )  77 – 81 
Available online at www.sciencedirect.com
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of MMS 2015
doi: 10.1016/j.proeng.2016.01.177 
ScienceDirect
The 20th International Conference: Machine Modeling and Simulations, MMS 2015 
Determination of the final microstructure during processing 
carbon steel hardening 
Tomasz Domańskia,*, Wiesława Piekarskaa, Marcin Kubiaka, Zbigniew Saternusa 
aCzestochowa University of Technology, Institute of Mechanics and Machine Design Foundations,  
Dąbrowskiego 69, 42-201 Częstochowa, Poland 
Abstract 
Numerical analysis of thermal treatment processes is an important issue to be considered by contemporary laboratories dealing 
with industrial designing in general. Phenomena associated with heat treatment are complex and not yet adequately explained. 
Improvement in this field of numerical solutions is particularly forced by industry which, striving for deployment of state of the 
art technologies and reduction of costs, is demanding continuous enhancement of tool thermal treatment. Phase transformations, 
in particular in cooling processes, involve considerable changes in kinetics that are not always associated with external thermal 
impact. Analyses of experimental data allowed developing many mathematical models to measure volume fractions of phase 
transformations in solid state. The Johnson-Mehl Avrami equation and generalised Kolmogorov equation are the two primary 
models applied in almost all tests evaluating transformation of austenite into ferrite, bainite and martensite. In order to calculate 
the martensitic phase volume fraction, usually the Koistinen-Marburger equation, or any of its modified formulas, are used. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of MMS 2015.  
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1. Introduction 
The variety of working conditions of tools creates the necessity to diversify the requirements set for tool steels, 
however we always seek utmost durability of a tool, and it is achieved by using proper thermal treatment with 
hardening. The anticipation of final properties of the element that undergoes progressive hardening is possible after 
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defining the type of the formed microstructure, instantaneous stresses, and then of internal stresses that necessarily 
accompany thermal treatment. In order to achieve this aim it is essential to consider such a treatment of thermal 
phenomena, phase transformations and mechanical phenomena in numerical modeling. Phenomena that accompany 
thermal treatment are complex, and so far they are incompletely described. Findings of the numerical simulation of 
the above-mentioned phenomena depend on, inter alia, the accuracy of determination of phase transformation 
kinetics in the solid state. 
2. Phase transformations 
In the model of phase transformations take advantage of diagrams of continuous heating (CHT) and cooling 
(CCT) [1]. Initial phase transformation in the austenite is a diffusive transformation. The kinetics of transformation 
good defined the formula Johnson-Mehl-Avrami [2, 3], i.e.:  
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where HAK  is austenite initial fraction nascent in heating process, b(ts,tf) and n(ts,tf) are coefficients determined from 
the transformation (1) assuming the initial fraction (Ks(ts)=0.01) and final fraction (Kf(tf)=0.99) forming a phase, 
ts  and tf  are start times and end of transformations.  
After substituting Ks and Kfm to (1) was obtained formulas for the coefficients b(ts,tf) and n(ts,tf). They are as 
follows: 
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Pearlite and bainite fractions (in the model of phase transformations upper and lower bainite is not distinguish) 
are determined by J-M-A formula, taking into account the fraction of the austenite phase formed in the heating 
process, i.e.: 
      )(exp1, TbttT n  \K  (3) 
where:  
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and  %K  is the maximum phase fraction for the established of the cooling rate, estimated on the ground of the 
continuous cooling graph. 
The fraction of martensite forming below the temperature Ms is determined by the Koistinen and Marburger 
formula [4]: 
    msM TMkT )(exp1  \K  (5) 
where m is the constant chosen by means of experiment (for considered steel determine m = 1), whereas the constant 
k is determined from the end of transformation condition at the temperature Mf .  
By assuming that ηM(Mf) = 0.99 and 1 hAK , we obtain from (5) the following: 
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With respect to steel C80U, for which Ms = 493 K, Mf ≈ 173 K, the constant k resulting from (6) is equal to: 
k = 0.0144. When ηM(Mf) = 0.9 this coefficient has the value 0.008. The obtained coefficient is comparable to the 
value given in literature with respect to carbon near-eutectoid steels (k ≈ 0.011) [5].  
Increases of the isotropic deformation  TphH  caused by changes of the temperature and phase transformation in 
the heating and cooling processes are calculated using the following relations for heating and cooling, respectively:  
A
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where  Tkk DD   are coefficients of thermal expansion of: austenite, bainite, ferrite, martensite and pearlite, 
respectively, phAH   ph1H  is the isotropic deformation accompanying transformation of the input structure into 
austenite, whereas phkH  are isotropic deformations from phase transformation of: austenite into bainite, ferrite, 
martensite, or of austenite into pearlite, respectively.  
The methods for calculation of the fractions of the phases created referred to above were used for carbon tool 
steel C80U of chemical compositions: 0.84 % C, 0.19 % Mn, 0.21 % Si, 0.006 % P, 0.003 % S, 0.11 % Cr, 
0.08 % Ni, 0.03 % Mo, 0.14 % Cu. In order to confirm the accuracy of the phase transformation model dilatometric 
tests were carried out on the samples of the steel under consideration. The model was verified by comparing the 
dilatometric curves received for different cooling paces with simulation curves. On the basis of the analysis of the 
results a slight move of CCT diagram was made in order to reconcile the initiation time of the simulation 
transformation and the times obtained in the experimental research. These moves were presented, for example, 
in the studies [5]. CCT diagrams for this steel grade are presented in the Fig. 1.  
 
Fig. 1. Diagram CCT with CHT curves for considered steel. 
After analyzing of the above diagrams it can be noticed that steel under consideration does not contain ferrite but 
can contain remnant cementite [5]. The curves of CCT diagrams are introduced into a relevant module of phase 
fraction determination with supplementary information regarding maximum participation of each phase. However, in 
the model based upon the diagrams of continuous cooling relevant ranges determine the paces of cooling evaluated 
to the time when the temperature achieves the transformation starting curve. By using the formulated model of 
kinetics regarding phase transformations in the solid state, a computer program was built to simulate phase 
transformations. In order to verify the said program we carried out numerical simulations pertaining to the heating 
and cooling of an element from carbon tool steel, and then we compared the obtained findings with the findings from 
dilatometric research. Findings of test simulations are given in Figs. 2–4.  
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Fig. 2. Experimental and simulation dilatometric curves, cooling rate 30 K.s-1, kinetics of individual  
transformation and steel structure – zoom u1000. 
Due to the fact that in the scope of cooling rate 10–30 K.s-1 significant changes in the obtained structure were not 
observed, we only presented findings with respect to 30 K.s-1. The cooling rate 100 and 200 K.s-1 also was not 
characterized by significant changes in the obtained structure, hence only the findings with respect to the cooling 
rate 100 and 300 K.s-1 were presented. On the basis of the presented models pertaining to hardening phenomena we 
built a computer program to simulate hardening phenomena. By using this program a numerical simulation was 
carried out with respect to the progressive hardening of a carbon tool steel element.  
    
Fig. 3. Experimental and simulation dilatometric curves, cooling rate 100 K.s-1, kinetics of individual  
transformation and steel structure – zoom 1000u. 
      
Fig. 4. Experimental and simulation dilatometric curves, cooling rate 300 K.s-1, kinetics of individual  
transformation and steel structure – zoom 1000u. 
The initial structure was perlite (spheroidite). An axially symmetric object (shaft), 25 mm in diameter, was 
subjected to the simulation. A control area equal to h = 120 mm was adopted. It was assumed that from the 
coordinate z = h to the coordinate z = h + hf = 250 mm temperature changes linearly to the temperature of the 
cooling medium (T∞).  
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3. Conclusion 
By analyzing the obtained findings one may notice that after low cooling rates the considered steel has a perlitic 
structure (Fig. 2). While the cooling rate increases, the fraction of bainite increases at the expense of declining 
perlite. However, after high cooling rates – it has martensitic-bainitic or martensitic structure (Figs. 3 and 4). The 
dilatometric curve obtained from the sample cooled at the rate 100 K.s-1 (Fig. 3) almost does not exhibit diffusive 
transformations in the upper temperature range (only traces), and austenite is transformed into bainite, and then into 
martensite (from the temperature Ms). After sample cooling at the rate of 300 K.s-1, the fraction of martensite is at 
the level of ~90 %, and the rest (~10 %) constitutes the retained austenite (Fig. 4). Analyze results from the model 
notice, that advantageous is use in modeling of phase transformations the CCT graph for considered group steel.  
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